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INTRODUCTION
The genomes of the chloroplast and the mitochon-
drion have undergone severe reduction in size since their
acquisition as endosymbionts by a protoeukaryotic cell
(Dyall & al., 2004; Knoop, 2004; Timmis & al., 2004). In
plants, genes lacking from these genomes have either
been completely lost (such as genes required for a free-
living existence) or have been transferred to the nucleus
(Korpelainen, 2004). In fact, many of the proteins occur-
ring in the mitochondrion and the chloroplast are synthe-
sized in the cytosol and subsequently imported into the
organelles. Analyses of the nuclear genome of
Arabidopsis suggest that possibly as much as 18% of its
genes have a cyanobacterial, and hence a plastid origin
(Martin & al., 2002). By contrast, translocations between
the cytoplasmic genomes seem very rare. The chloroplast
genome of the angiosperm Calycanthus contains a gene
of mitochondrial origin (Goremykin & al., 2003), and the
mitochondrial genomes of maize and rice comprise vari-
ous sequences of chloroplast origin (Nakazano & Hirai,
1993; Zheng & al., 1997). Transfers from the cytoplas-
mic to the nuclear genome characterize particular lineag-
es of land plants (e.g., Turmel & al., 1999; Adams & al.,
2002, 2003; Martin & al., 2002; Hackett & al., 2004), but
their phylogenetic significance is often ambiguous, as
organellar genomes have only been sequenced for few
taxa, from the major lineages of green plants (see Timmis
& al., 2004). One exception is the presence in the nucle-
us of two mitochondrial genes (i.e., rps14 and rpl15) in
maize and rice, and hence potentially in many or all
grasses (Sandoval & al., 2003). However, the process of
gene transfer is ongoing (Timmis & al., 2004), and the
rate of transfer estimated from the progeny of artificial
crosses (Huang & al., 2002) suggests that losses from the
cytoplasmic genomes are not rare events (Richly &
Leister, 2004a, b). These observations are not surprising
considering that a single locus may be lost repeatedly
during the evolution of a lineage, such as infA during the
diversification of angiosperms (Millen & al., 2003).
To date the chloroplast genome has been completely
sequenced for three bryophytes: Marchantia polymorpha
L. (Ohyama & al., 1986), Anthoceros formosae Steph.
(Kugita & al., 2003), and Physcomitrella patens (Hedw.)
Bruch & W.P. Schimp. (Sugiura & al., 2003). The rps16
gene is lacking from the Marchantia genome, and has
been lost from the plastid at least four times in the evo-
lution of green plants (Martin & al., 2002). The genome
of Anthoceros formosae is characterized by the presence
of pseudogenes for matK and rps15 (Kugita & al., 2003).
The structure of its inverted repeat is similar to that of
vascular plants since it includes the rps12 gene (or only
the 3' exon, according to Kugita & al. [2003]) in the
inverted repeat (Kelch & al., 2004). The reconstruction
of the genome of Physcomitrella patens by Sugiura & al.
(2003) revealed (1) that a fragment encompassing much
of the large single copy of the genome is inverted, and (2)
that the rpoA gene, which codes for the alpha subunit of
the RNA polymerase, an enzyme essential for catalyzing
the transcription of DNA into RNA, is lacking.
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A recent survey of arthrodontous mosses revealed that their chloroplast genome lacks the gene encoding the
alpha subunit of the RNA polymerase (i.e., rpoA), and that at least in Physcomitrella patens the gene has been
transferred to the nuclear genome. Subsequently the gene was recorded from the cytoplasmic genome in
Takakia and Sphagnum. Here we extend the survey to representatives of all major lineages of mosses to deter-
mine when in the evolutionary history of the Bryophyta the loss took place. Amplifications using primers
annealing to the flanking regions of the rpoA gene yield a product that contains the gene in Takakia, Sphagnum,
Andreaea, Oedipodium, Polytrichaceae, and Buxbaumia. The gene is lacking in all arthrodontous mosses,
including Diphyscium but also in both species of Tetraphis. Reconstruction of the transfer on the phylogeny of
mosses suggests (a) that the rpoA gene was lost twice and (b) that the gene was lost after the divergence of
Buxbaumiidae and prior to the divergence of Diphyscium from the remaining Bryopsida.
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Sugiura & al. (2003) demonstrated that the rpoA
gene is present in the nucleus. They surveyed four other
species of the Bryopsida sensu Goffinet & Buck (2004;
i.e., the arthrodontous mosses) for the presence of the
gene in cpDNA by targeting the putative rpoA region
using primers specific to the genes flanking the rpoA
gene in Anthoceros and Marchantia. The amplicons that
they obtained comprise portion of the rps11 and the petD
gene but lack the rpoA locus. Thus, they concluded that
the transfer of the rpoA gene from the chloroplast to the
nuclear genome is diagnostic of mosses. The diversifica-
tion of arthrodontous mosses is, however, preceded by
the divergence of several other lineages, including
Takakia, Sphagnum, Andreaea, Andreaeobryum, and the
nematodontous mosses (Cox & al., 2004). Hence, Sugita
& al. (2004) extended their survey to the earliest diverg-
ing lineages of mosses, Takakia and Sphagnum, and doc-
umented the presence of the rpoA gene in their chloro-
plast genome. Their result suggests that the transfer of
the rpoA gene from the cytoplasmic to the nuclear
genome occurred during and not prior to the evolution of
mosses. Here we target representatives of the
Andreaeopsida, Andreaeobryopsida, Oedipodiopsida,
Polytrichopsida, Tetraphidopsida, and basal Bryopsida,
to determine when during the early diversification of
mosses, the loss of the rpoA gene from the chloroplast
genome took place.
MATERIALS AND METHODS
Taxon sampling. — We surveyed those thirty rep-
resentatives of all classes and most subclasses of mosses
(sensu Goffinet & Buck, 2004) used by Cox & al. (2004)
for inferring the phylogeny of the Bryophyta based on
multiple genes. In a few cases, another voucher specimen
or another congeneric species was used as an exemplar
(Table 1). Furthermore, as preliminary amplication
results suggested that the rpoA gene was absent from
Tetraphis pellucida, we also tested for the presence of
this gene in Tetraphis geniculata (Table 1).
DNA extraction, PCR amplification and
sequencing. — The DNA of T. geniculata was extract-
ed following a modification of the protocol by Doyle and
Doyle (1987) as described in Goffinet & al. (1998). For
all other new vouchers, the DNA was isolated using the
DNeasy Plant Mini kit from Qiagen, following the man-
ufacturer’s instructions. The rpoA gene is located in the
Marchantia and the Anthoceros genome between the
rps11 and the petD gene. We targeted this region using
the primers P1 and P3 designed by Sugiura & al. (2003;
Table 2, Fig. 1). The original reverse primer designed by
these authors anneals to the 3' end of the petD gene; we
replaced P3 with a new primer petD2 (Table 2), which
anneals closer to the 5' end of the coding region (Fig. 1).
We further tested for the presence of the rpoA gene by
using P1 in combination with a reverse primer (rpoA1;
Table 2) that anneals within the gene itself (Fig. 1).
Finally we amplified the virtually complete rpoA gene
based on new internal primers (Table 2) that annealed
near the ends of the coding sequence. These primers
were used with an annealing of 48°C to amplify the rpoA
gene in taxa where this gene is presumed to be located in
the nucleus. The polymerase chain reaction was per-
formed in a 25 µL volume with one unit of Hot Master
Taq polymerase (Eppendorf AG), one µL each of a 10
mM solution of each primer, a 10 mM solution of the
dNTPs, and a 99.9% pure solution of dimethyl sulfoxide
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Table 1. Taxa sampled in this study and vouchers used for DNA extraction. Asterisks indicate that the voucher speci-
men or the generic exemplar differs from that used by Cox & al. (2004).
Taxon, Family, Voucher
Alophosia azoricum (Ren. & Card.) Card., Polytrichaceae, Rumsey s.n. (DUKE). *Andreaea ruspetris Hedw. (instead of A. wilsonii Hook.
f.), Andreaeaceae, Schofield 110817 (DUKE). Andreaeobryum macrosporum Steere & B. M. Murray, Andreaeobryaceae, Schofield 78094
(DUKE). Aulacomnium turgidum (Wahlenb.) Schwägr., Aulacomniaceae, Hedderson 6385 (RNG). *Bartramia pomiformis Hedw.
(instead of B. stricta Brid.), Bartramiaceae, Hax CT1 (CONN). Brachythecium salebrosum (Hoffm. ex F. Weber & D. Mohr) Schimp.,
Brachytheciaceae, Goffinet 4723 (DUKE). Buxbaumia aphylla Hedw., Buxbaumiaceae, Belland 16889 (DUKE). Dendroligotrichum den-
droides (Brid. ex Hedw.) Broth., Polytrichaceae, Goffinet 5425 (DUKE). *Diphyscium foliosum (Hedw.) D. Mohr, Diphysciaceae, Goffinet
4595 (DUKE). Encalypta ciliata Hedw., Encalyptaceae, Schofield 98872 (DUKE). Entosthodon laevis (Mitt.) Fife, Funariaceae, Goffinet
5601 (DUKE). Fissidens subbasilaris Hedw., Fissidentaceae, Goffinet 5263 (DUKE). Funaria hygrometrica Hedw., Funariaceae, Cox 148
(RNG). *Hedwigia ciliata (Hedw.) P. Beauv., Hedwigiaceae, Goffinet 8955 (CONN). *Hookeria lucens (Hedw.) Sm., Hookeriaceae,
Goffinet 8030 (CONN). Mielichhoferia elongata (Hoppe & Hornsch.) Nees & Hornsch., Mniaceae, Shaw s.n. (RNG). *Mnium hornum
Hedw., Mniaceae, Goffinet 8830 (CONN). Oedipodium griffithianum (Dicks.) Schwägr., Oedipodiaceae, Schofield 98670 (DUKE).
Orthodontium lineare Schwägr., Orthodontaceae, Hedderson s.n. (RNG). *Orthotrichum lyellii Hook. & Taylor, Orthotrichaceae, Goffinet
9126 (CONN). Polytrichadelphus purpureus Mitt., Polytrichaceae, Cox 84/01 (DUKE). Polytrichum pallidisetum Funck, Polytrichaceae,
Goffinet 4581 (DUKE). *Pyrrhobryum spiniforme (Hedw.) Mitten, Rhizogoniaceae, Goffinet 5107-b (CONN). Rhodobryum giganteum
(Schwägr.) Paris, Bryaceae, Longton 5073 (RNG). *Scouleria aquatica Hook., Scouleriaceae, Goffinet 7969 (CONN). *Sphagnum fim-
briatum Wils. (instead of S. palustre L.), Sphagnaceae, Goffinet 5758 (CONN). *Takakia lepidozioides S. Hatt. & Inoue, Takakiaceae,
Rupp 10/8/1990 (CONN). Tetraphis geniculata Girgensohn ex Milde, Tetraphidaceae, Schofield 103022 (DUKE). *Tetraphis pellucida
Hedw., Tetraphidaceae, Goffinet 4542 (CONN). *Tetraplodon mnioides (Sw. ex Hedw.) Bruch & Schimp., Splachnaceae, Shaw 9024
(DUKE). Timmia megapolitana Hedw., Timmiaceae, Schofield 97597 (DUKE).
(DMSO).
The amplification profile when using P1 and P3 is:
95°C for 1 min followed by 30 cycles of denaturation (1
min at 95°C), annealing (1 min at 48°C ), extension (1.5
min at 72°C), and a final extension at 72°C for 7 min.
Amplicons were purified using the QIAquick PCR
purification kit from Qiagen (Valencia, California,
U.S.A.). The annealing temperature was raised to 55°C
when petD2 was used as reverse primer, but retained at
48°C when the rpoA1 internal reverse primer was used.
All amplicons were sequenced using the PCR
primers and these reactions were performed using the
ABI PRISM BigDye Terminators v 3.0 Cycle Sequenc-
ing Kit (Applied Biosystems, Foster City, California,
U.S.A.) optimized for half- or quarter-size reactions.
Sequencing products were purified using Sephadex G-50
(Amersham, Piscataway, New Jersey, U.S.A.) gel filters,
and then separated by capillary electrophoresis using the
ABI Prism 3100 Genetic Analyzer. Nucleotide sequences
were edited using Sequencher 3.1.1 (Gene Codes
Corporation, Ann Arbor, Michigan, U.S.A.), entered in
PAUP* version 4.0b10 for Macintosh-PPC (Swofford,
2002), and manually aligned. Sequences were submitted
to GenBank when reliable sequencing products were
obtained (Table 3). Nucleotide sequences of the rpoA
gene were translated to amino acid sequences using
MacClade 4.05 (Maddison & Maddison, 2002).
Ancestral character-state reconstruction. —
The loss of the rpoA gene from the chloroplast genome
was reconstructed using both maximum parsimony (MP)
and maximum likelihood (ML) as the optimality criteri-
on based on the phylogenetic hypothesis proposed by
Cox & al. (2004). Outgroup taxa (i.e., liverworts) were
pruned from the tree. Under MP, transformations were
reconstructed using PAUP (Swofford, 2002), with either
the delayed transformation (DELTRAN) or accelerated
transformation (ACCTRAN) option invoked. For ML
reconstructions, Andreaeobryum macrosporum and
Alophozia azoricum were also pruned from the tree, as
no amplicon compatible with either the presence or
absence of the rpoA gene was obtained, and because
missing data prevent reconstructions under ML using the
software Mesquite 1.0 (Maddison & Maddison, 2003).
Branch lengths estimates under the General-Time-
Reversible model of evolution (Rodriguez & al., 1990)
with a proportion of invariable sites and a discrete
gamma distribution of rates were taken from Cox & al.
(2004). Rates of evolution for the loss of the rpoA gene
were estimated under the simple Mk1 model (one rate)
and the AsymmMk model (two rates, estimating the bias
of gains versus losses; Pagel, 1999; Lewis, 2001). The
difference in likelihoods was tested for significance
based on the likelihood ratio test. Ancestral character-
state reconstructions will be considered significant if
their likelihood equals or exceeds 95% (Schluter & al.,
1997).
RESULTS
Amplification of the rpoA region using the rpoA1
primer yielded products for Takakia, Sphagnum,
Andreaea, Oedipodium, Polytrichum and Buxbaumia.
This amplicon comprised approximately 600 bp of the
rpoA gene that could be fully aligned with that of
Marchantia (Ohyama & al., 1986). The presence of the
rpoA gene was confirmed for all these taxa except
Andreaea, by amplifying the whole region using the
reverse primer P3 or petD2 (Fig. 2). Although the rpoA
gene could not be fully amplified for Andreaea, the
sequence of the amplicon obtained with the reverse
primer rpoA1, aligns with that of other taxa, and does not
include any stop codons. In the case of Polytrichadel-
phus, the combination of P1 and petD2 yielded a prod-
uct, but any attempt to sequence it with the reverse
primer failed, and hence we only obtained a partial
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Table 2. Primers used to test for the presence of the rpoA gene in the chloroplast genome of mosses.
P1 TTTTGTTCGTGATGTAACTCCTATG Sugiura & al., 2003
P2 CTACCATAGCATCCTCAGTAGATT Sugiura & al., 2003
P3 CTAAATTAGCTAAAGGTATGGGTC Sugiura & al., 2003
petD2 CTTTGGTTGGGTATTGGAGCTG this study
rpoA1 GGTTAAACTTCCATTGGTCC this study
rpoAF-47 GTGGAGGTGTGTTGAATC this study
rpoAR-965 GCTTCTAAAACTTGTTCWAC this study
Fig. 1. Location of primers used to target the rpoA region
of the chloroplast genome in mosses. A, typical gene
arrangement in land plants; B, gene arrangement in
Physcomitrella.
rps11 rpoA petD
P1
P3petD2rpoA1
rps11 rpoB
P1
A
P2
B
sequence, which matches the 5' half of the rpoA gene of
other mosses. The complete rpoA sequences obtained for
other early diverging mosses varied between 1017 bps in
Polytrichum and Sphagnum, and 1149 in Takakia, with
most taxa having a rpoA gene that is 1023 bps long
(Table 3). Closer examination revealed further cryptic
length variation. For example, Sphagnum differs from
Marchantia by four codon insertions and six deletions
and Polytrichum by one insertion and three deletions.
The sequence of Sphagnum fimbriatum obtained here
aligns completely with that published by these authors
for S. girgensohnii Russow (GenBank accession
AB193122), except for three additional codons in the lat-
ter species. Aligning the sequence of the rpoA gene of
Takakia against that of Marchantia requires a priori no
insertion of gaps, but the gene is 126 bps longer in the
former taxon. The sequence obtained here for Takakia is
identical to that reported by Sugita & al. (2004) based on
comparisons with GenBank accession AB193121. None
of the rpoA sequences contained any internal stop
codons.
Using the rpoA1 primer with P1 did not result in any
amplicon for either species of Tetraphis, whereas P1 and
P3 lead to a PCR product. The P1-P3 sequences obtained
for Tetraphis and other mosses, could be aligned at both
extremities with either the 3' end of the rps11 gene or the
5' end of the petD gene, respectively. Furthermore,
attempts to amplify the rpoA gene using two internal
primers failed.
Representatives of the arthrodontous mosses, includ-
ing Diphyscium, all tested negative for the rpoA gene
(i.e., yielded no amplification with rpoA1 primer, or
yielded a small fragment using the P3). The primer com-
bination P1-P3 did not yield an amplicon for Funaria,
Entosthodon and Encalypta, a result compatible with a
rearrangement of genes as in Physcomitrella. Although
amplicons were obtained for all other arthrodontous
mosses screened, sequencing reactions using the reverse
primer failed for several species (i.e., Aulacomnium
turgidum, Bartramia pomiformis, Hedwigia ciliata,
Hookeria lucens, Mielichhoferia elongata, Mnium hor-
num, Orthodontium lineare, Pyrrhobryum vallis-gratiae,
Rhodobryum giganteum, and Timmia megapolitana).
However, the sequence obtained for Bartramia pomi-
formis here matches that obtained by Sugiura & al.
(2003) except for lacking the last 83 nucleotides of the
spacer. The sequence flanked by the rps11 and petD
genes in the remaining arthrodontous mosses ranged
between 82 in Orthotrichum lyellii and 526 bps in
Diphyscium foliosum, respectively. This intergenic spac-
er is much shorter than that of Tetraphis pellucida, which
is 720 bps long (Table 3). Targeting the whole rpoA gene
using internal primers did not yield any product for any
arthrodontous mosses.
Reconstructing the evolutionary history of the rpoA
gene on the phylogeny presented by Cox & al. (2004)
suggests that the gene was lost twice under DELTRAN
optimization and once under ACCTRAN optimization,
in which case a reversal took place in Buxbaumiidae
(Fig. 2). On the same phylogeny, the likelihood (-logL =
5.84202197) for a two-rate model of evolution (i.e.,
AsymmMk) is higher than that (-log L = 7.422298653)
of a one-rate model (i.e., Mk1) but not significantly
(P = 0.08) under the likelihood ratio test. Hence, the one
rate model cannot be rejected. Under this model, the
nodes leading to Tetraphis and Buxbaumia are recon-
structed with the rpoA gene most likely present (0.85%
and 0.82%, respectively; Fig. 3), although neither value
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Table 3. Size characterization of the rpoA region in the chloroplast genome of mosses (Funariales not included as gene
arrangement differs from other mosses).
Taxon rps11-rpoA rpoA rpoA-petD rps11-petD GenBank accession
Marchantia polymorpha 33 1023 111 - NC001319
Sphagnum fimbriatum 26 1017 256 - AY885232
Takakia lepidozioides 30 1149 204 - AY884000
Andreaea rupestris1 30 Partial - - AY886745
Oedipodium griffithianum 30 1023 171 - AY886744
Dendroligotrichum dendroides 30 1023 165 - AY886746
Polytrichadelphus purpureus1 - Partial 161 - AY911400
Polytrichum pallidisetum 30 1017 163 - AY886747
Tetraphis geniculata - - - 690 AY911406
Tetraphis pellucida - - - 720 AY911407
Buxbaumia aphylla 30 1023 154 - AY886743
Diphyscium foliosum - - - 526 AY911401
Fissidens subbasilaris - - - 267 AY911402
Scouleria aquatica - - - 279 AY911403
Bartramia pomiformis2 - - - 280* AY911408
Tetraplodon mnioides - - - 197 AY914175
Orthotrichum lyellii - - - 82 AY911405
Brachythecium salebrosum - - - 309 AY911404
1Attempts to sequence the full P1-petD2 amplicon with the P1 primer failed, and only the 3' half of the product could be sequenced.
2Attempts to sequence the full P1-petD2 amplicon with the petD2 primer failed, and only the 5' half of the product could be sequenced.
should be considered significant. The node leading to
Diphyscium is characterized by a likelihood of 0.90 for
lacking the gene. The maximum likelihood reconstruc-
tion thus supports the hypothesis of two independent
losses, whereby the rpoA gene was deleted from the
chloroplast genome once in Tetraphis and once in the
ancestor of Diphyscium and the arthrodontous mosses
(Fig. 3).
DISCUSSION
The chloroplast genome of green plants typically
comprises a gene encoding the alpha subunit of the RNA
polymerase. In arthrodontous mosses, however, it is
located in the nuclear genome, and this transfer had ini-
tially been interpreted as a synapomorphy for all mosses
(Sugiura & al., 2003). Subsequent investigations
revealed that this locus was, however, present in the plas-
tid genome of two early diverging mosses, namely
Takakia and Sphagnum (Sugita & al., 2004). Our survey
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Fig. 2. Reconstruction under parsimony of the loss of the rpoA gene from the chloroplast genome during the diversifi-
cation of major lineages of mosses based on the phylogenetic hypothesis proposed by Cox & al. (2004) with outgroup
taxa pruned. The reference to two names at a terminal node indicates that the presence or loss of the rpoA gene was
determined for an exemplar differing from the one used by Cox & al. (2004; see Table 1). Filled circles next to taxon
indicate that the rpoA gene is present between the rps11 and petD genes in the chloroplast genome; open circles mark
taxa lacking the rpoA gene. Ancestral character states were reconstructed under maximum parsimony. Boxes identify
the transformations under DELTRAN and ellipses under ACCTRAN with the open ellipse marking the loss and the filled
one the gain.
Sphagnum palustre, S. fimbriatum
Takakia lepidozioides
Andreaea wilsonii, A. rupestris
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Oedipodium griffithianum
Alophozia azoricum
Dendroligotrichum dendroides
Polytrichadelphus purpureus
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Buxbaumia aphylla
Diphyscium foliosum
Timmia megapolitana
Encalypta ciliata
Entosthodon laevis
Funaria hygrometrica
Fissidens subbasilaris
Scouleria aquatica
Hedwigia ciliata
Bartramia stricta, B. pomiformis
Rhodobryum giganteum
Mielichhoferia elongata
Mnium hornum
Orthodontium lineare
Aulacomnium turgidum
Pyrrhobryum vallis-gratiae
Tetraplodon mnioides
Orthotrichum lyellii
Hookeria lucens
Brachythecium salebrosum
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further indicates that the rpoA gene is located in the
chloroplast genome of other mosses, representing linea-
ges that diverged after Takakia and Sphagnum but prior
to the origin of true arthrodontous mosses. Exemplars of
Andreaeopsida, Oedipodiopsida, Polytrichopsida, and
Buxbaumiidae all share the ancestral condition, with the
rpoA gene located at the end of the ribosomal protein
cluster (Fukuzawaa & al, 1988), that is, between the
rps11 and the petD genes in the chloroplast genome. By
contrast, the gene is lacking from the plastid genome in
Diphyscium and all other arthrodontous mosses. This
pattern is congruent with a shared ancestry between these
two lineages as repeatedly hypothesized from phyloge-
netic inferences based on DNA sequence data (Goffinet
& Buck, 2004).
The transfer of the rpoA gene from the chloroplast to
the nuclear genome does not, however, solely diagnose
the origin of the lineage sister to Buxbaumiidae. Indeed,
both species of Tetraphis lack the rpoA gene between the
rps11 and the petD genes. The absence of the gene in the
ancestral position can be explained either by a transfer to
the nucleus, as in Physcomitrella, or by a relocation with-
in the chloroplast genome. The rpoA gene present in the
chloroplast could be amplified using two internal primers
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Fig. 3. Reconstruction under likelihood of the loss of the rpoA gene from the chloroplast genome during the diversifi-
cation of major lineages of mosses based on the phylogenetic hypothesis proposed by Cox & al. (2004). Outgroups and
exemplars for which no positive or negative amplicon could be obtained were pruned (see text). The reference to two
names at a terminal node indicates that the presence or loss of the rpoA gene was determined for an exemplar differ-
ing from the one used by Cox & al. (2004; see Table 1). Maximum likelihood estimates of presence or absence of the
gene in ancestral nodes under the Mk1 model are presented as proportions (white: absence, black: presence).
Estimates for the nodes with Tetraphis, Buxbaumia and Diphyscium are 0.85, 0.82 and 0.90, respectively. Small circles
next to taxon name indicate whether the rpoA gene is present (black) or absent (white) from the chloroplast genome.
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Polytrichum pallidisetum
Tetraphis pellucida
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0.01 substitutions
for all basal mosses where the gene was located in a posi-
tion homologous to Marchantia and Anthoceros. By con-
trast, all attempts to target the copy present in the nuclear
genome failed. Similarly, no amplification products were
obtained for Tetraphis. We interpret this pattern as evi-
dence that the rpoA gene has not been relocated within
the plastid genome of Tetraphis but has instead been
transferred to the nucleus. Although we had expected to
be able to amplify the nuclear homologue of the rpoA
gene using the two internal primers, the failure to do so
is not surprising considering that the nuclear copy
sequenced from Physcomitrella exhibits only 50% simi-
larity in amino acid sequence with Marchantia (Sugiura
& al., 2003). Furthermore the nuclear homologue
appears to be 330 bp longer. Hence, it is possible that the
sequence of the rpoA has diverged significantly follow-
ing its transfer to the nucleus. This hypothesis can, how-
ever, only be formally tested as nuclear homologues of
more arthrodontous mosses are sequenced.
The loss of the rpoA gene from the chloroplast
genome may have occurred once in the ancestor to the
“Tetraphis-Buxbaumia-arthrodontous moss” clade and
subsequently regained in Buxbaumia or twice, namely in
the ancestor to Tetraphis and again in the ancestor to
Diphyscium and the remaining Bryopsida. We cannot
unambiguously distinguish these two scenarios.
Moreover, the interpretation of two losses rests on the
assumption that the phylogenetic topology used to recon-
struct the history of transformations is correct. If
Tetraphis is in fact the sister taxon to the Diphyscium-
arthrodontous mosses clade, any reconstruction would
favor a single loss of the gene. The phylogenetic position
of Buxbaumia as sister to the clade anchored with
Diphyscium is, however, well supported by analyses of
eight nuclear, plastid and mitochondrial genes (i.e., boot-
strap proportions under ML of 83, and posterior proba-
bilities of 0.99 or 1; Cox & al., 2004). Hence, at least two
transformations are needed to explain the distribution of
the rpoA gene in the context of our best phylogenetic
hypothesis for mosses.
A reversal, that is a secondary insertion of the rpoA
gene in the chloroplast genome of Buxbaumia in a posi-
tion homologous to the ancestral location (i.e., between
rps11 and petD) seems unlikely, although this hypothesis
cannot a priori be rejected. The mechanics of gene trans-
fer from the plastid to the nuclear genome are still
unclear, but the process seems to take place by recombi-
nation in the sperm cell following degradation of the
plastid prior to syngamy (Timmis & al., 2004), although
RNA mediated transfer is also a possibility (Nugent &
Palmer, 1991; Kobayashi & al., 1997). We have not
found any hypothesis explaining how the reverse transfer
could take place. At present, we favor a scenario of two
independent losses, on the sole basis that a reversal
seems unlikely. Note, however, that Kelch & al. (2004)
explained the presence of the ycf15 gene I in Arabidopsis
as the result of a secondary gain, rather than as a retained
ancestral character.
Parallel losses of genes from the chloroplast genome
are not uncommon (Martin & al., 1998; Timmis & al.,
2004), with at least one gene (i.e., minE) having been lost
seven times during the evolution of the chloroplast
genome (Martin & al., 2002). For two other genes, for
which six losses are hypothesized, homologues have
been detected in the nucleus (Martin & al., 2002). The
diversification of angiosperms is characterized by at least
20 independent losses of the infA gene, and in four cases,
expressed copies were detected in the nucleus (Millen &
al., 2001). Hence, a dual loss of the rpoA gene from the
chloroplast genome in mosses is not incongruent with
patterns observed in other green plants.
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